Introduction
Monitoring of perishable goods and food for fungal contamination has become a major focus of logistic experts [1] . With trade markets expanding beyond boundaries of countries, yearly major amount of perishable goods are wasted during transportation due to fungal contamination. Fresh fruits or perishable goods can be infected with fungi before harvesting or during the transport and storage phase. In addition to spoilage of foods, some of the fungi species produce mycotoxins as secondary metabolites which may induce several toxicological effects in humans and animals [2] . The presence of fungi is often not monitored in the logistic food chain. To avoid this potential threat to human health and also to reduce the unnecessary transportation costs there is a need to detect the presence of fungi during transports, e.g. in containers.
Currently available technologies are not suitable for online detection of fungi contamination during transport because of the complex steps involved from sample preparation to detection. In this work we propose an approach of miniaturized culture medium based system for monitoring of fungi during transportation. Fungal culturing is one of the most extensively used bio-technique for the purpose of diagnostics, physiological and genetic studies. Agar-gel is the common nutrient medium for culturing. The growth of fungi on agar causes a pH change, by monitoring these changes one can analyze and measure the growth or presence of fungi. Currently available pH sensors cannot be used for online pH monitoring in small volumes of agar-gel [3] during transportation because of their large size and moreover they are expensive. In this work we present a system which eliminates the need of additional sensors for monitoring pH. For the first time monitoring of pH in agar-gels on-chip is described by integrating a reference measurement.
Materials and methods
The sensor device is fabricated on a silicon wafer using conventional photolithography processing to realize electrodes inside the reaction chamber as shown in Fig. 1 (a) . The design of the sensor used in this work is illustrated schematically in Fig. 1 (b) . The overall size of the sensor is 10 mm x 12 mm and it has three different electrode configurations for impedance measurements. Conducting paths run from the electrodes to gold contact pads located at one end of the chip. A glass cavity that has been glued onto the substrate serves as a reaction chamber which has a capacity of 400 μl. For preparing agar-gel with a reference pH indicator dye, agar powder and indicator dye are suspended in deionized water. This mixture is brought to the boil to dissolve agar completely. A magnetic stirrer is used to mix the contents. Once agar is completely dissolved 200 μl of this mixture is added into the reaction cavity while it's molten (~ 45 °C) and is allowed to solidify forming a gel at room temperature. Before loading the agar-gel the sensor is sterilized with 70 % ethanol and then dried with a stream of nitrogen. Once the agar-gel is loaded the real-time detection of pH change is determined by measuring the changes in the impedance of the agar-gel. The pH change of the agar-gel during the fungal growth is caused by the metabolic products which are extracellular formed or released into the medium during decomposition of organic matter present in the culture medium or agar-gel in which the fungi is residing. Most of the fungi utilize the carbohydrates provided with the culture medium for growth and produce acidic by-products which results in the pH change. This pH change can be detected using impedance measurement of the medium. Integration of the indicator dye serves as a reference measurement where the color of the gel changes with the change in pH.
Results and Discussion
As the impedance of the system varies with the volume of the gel inside the reaction cavities a reference measurement is included which works on colorimetric principle. The indicator dye that has been added to the agargel changes its color with defined pH range. This change in the spectral properties as a function of pH is due to the dissociation of the indicator molecule on donating or accepting protons that are generated during the metabolic process of fungi growth as explained in [5] . In this work, the reference measurement is done with bromothymol blue indicator dye which shows a color change from yellow to blue in the pH range of 5.8 -7.2. Fig. 3 (a) shows the initial yellow color of the agar-gel in the reaction cavity indicating that the medium or agar-gel has a pH less than 5.6. Once there is a change in pH due to the growth of fungi the color of the agar-gel has been changed to blue indicating the gels pH greater than 7.0. Fig. 3 (c) and (d) shows the growth of fungi on the agar-gel. Once the range of pH change is observed by colorimetric detection exact shift in pH can be determined by calibrating impedance measurements. Initial experiments on microtiter stripes show fungi growing in the medium changes the color of the gel from yellow to blue, (c) side view; (d) top view of the cavities without (yellow) and with fungi (white). We illustrated the colorimetric color change with bromothymol blue dye, also other indicator dyes can be applied.
For calibrating the impedance sensor, measurements were made at room temperature while varying the pH of the agar-gel with citric acid. For all impedance measurements, a sine-modulated ac potential was applied to the sensor with amplitude of ±0.015 mV. Impedance spectroscopy was performed in the frequency range from 1 Hz to 1 MHz using the IviumSoft program. The three different electrode geometries were tested and showed similar results. A pH range of 2.0 -8.0 has been chosen for this work because most of the fungi grow in this region of pH. The results show a proportional impedance change of 30 % (12 chips tested) per unit change in pH as shown in Fig. 2 (a) . From the graph it is clear that at low pH where there is high concentration of H + ions the impedance is low. As the pH of the system approaches neutral value the impedance increases because of decrease in the H + ion concentration. From an electrical point of view, the behavior of the sensor can be represented by the equivalent circuit with two identical double layer capacitances (C dl ) at the electrodes that are connected to the gel resistance (R gel ) in series and the dielectric capacitance (C di ) of the medium in parallel to the series elements as shown in Fig. 2 (b) . The shape of the impedance spectra is due to the frequency dependent properties of these elements in the equivalent circuit. The impedance spectra can be divided into three regions based on the type of element that offers major contribution to total impedance value. At low frequencies till 1 kHz the double layer capacitance dominates where the impedance value decreases with increase in frequency. From 1 kHz to 10 kHz gel resistance is the major contribution to the total impedance, thus in this region the impedance is almost frequency independent. At higher frequencies (> 10 kHz) the dielectric capacitance comes into effect. More details about the electrical analysis can be found in literature [4] .
Conclusion and Outlook
A miniaturized pH sensor was successfully applied to detect pH changes in the agar-gels using colorimetric and impedance measurements. With the integration of two detection methods this sensor provides a convenient platform for monitoring fungi contamination of perishable goods in the logistic food chain. The addition of the colorimetric principle as an independent reference measurement increases the performance of the sensor. The preliminary measurements applying the pH color indicator for detection of fungi growth show promising results. Future task is to test the impedance sensor on fungi and to integrate an automated spore sampling unit along with the developed sensor for monitoring fungi contamination in transport containers.
